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(57) ABSTRACT 

A fuel system for an energy conversion device includes a 
deoxygenator system With a multitude of How impingement 

366/338 elements Which are interleaved to provide a fuel channel With 
96/4s intricate tWo-dimensional ?oW characteristics. The How 

impingement elements break up the boundary layers and 
enhance the transport of oxygen from the core of the of the 

366/338 fuel ?oW Within the fuel channel to the oxygen permeable 
membrane surfaces by directing the fuel How in a direction 
normal to the oxygen permeable membrane. The rapid mix 
ing of the relatively rich oxygen core of the fuel With the 
relatively oxygen-poor ?oW near the oxygen permeable 
membrane enhances the overall removal rate of oxygen from 

96/6 the fuel. Because this process can be accomplished in fuel 
channels of relatively larger ?oW areas While maintaining 
laminar How, the pressure drop sustained is relatively loW. 

96/6 

14 Claims, 9 Drawing Sheets 
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METHOD FOR ENHANCING MASS 
TRANSPORT IN FUEL DEOXYGENATION 

SYSTEMS 

BACKGROUND OF THE INVENTION 

The present invention relates to liquid degassing, and more 
particularly to a multitude of How impingement elements 
Which are interleaved to provide a fuel channel With intricate 
tWo-dimensional ?oW characteristics that enhance mixing 
and oxygen transport. 

Jet fuel is often utiliZed in aircraft as a coolant for various 
aircraft systems. The presence of dissolved oxygen in hydro 
carbon jet fuels may be objectionable because the oxygen 
supports oxidation reactions that yield undesirable by-prod 
ucts. Solution of air in jet fuel results in an approximately 70 
ppm oxygen concentration at the equilibrium saturation con 
dition. When aerated fuel is heated betWeen approximately 
3000 F. and 8500 F. the dissolved oxygen initiates free radical 
reactions of the fuel resulting in deposits commonly referred 
to as “coke” or “coking.” Coke may be detrimental to the fuel 
system and may inhibit combustion. The formation of such 
deposits may impair the normal functioning of a fuel system, 
either With respect to an intended heat exchange function or 
the ef?cient injection of fuel. 

Various systems are currently available for liquid deoxy 
genation. HoWever, none are capable of processing high ?oW 
rates characteristic of aircraft engines in a compact and light 
Weight assembly, and loWering dissolved oxygen concentra 
tion suf?ciently to suppress coke formation. Typically, loW 
ering the oxygen concentration to approximately 5 ppm is 
suf?cient to overcome the coking problem and alloWs the fuel 
to be heated to approximately 650° F. during heat exchange, 
for example. Moreover, it is often desirable to further reduce 
the oxygen concentration to alloW heating of the fuel to even 
higher temperatures. 
One Fuel Stabilization Unit (FSU) intended for use in 

aircraft removes oxygen from jet fuel by producing an oxygen 
partial pressure gradient across a membrane permeable to 
oxygen. The FSU includes a plurality of How plates sand 
Wiched betWeen permeable membranes and porous substrate 
plates Within a housing. Each ?oW plate de?nes a portion of 
the fuel passage and the porous plate backed permeable mem 
branes de?ne the remaining portions of the fuel passages. 

The planar ?oW plates utiliZe ?oW impingement elements 
to enhance contact betWeen fuel How and the oxygen perme 
able membrane to increase mass transport of dissolved oxy 
gen. Design of the How impingement elements poses rela 
tively complicated ?uid dynamic issues as the How 
impingement elements need to enhance contact betWeen fuel 
How and the oxygen permeable membrane yet minimiZe the 
effect on fuel ?oW pressure passing therethrough. Further 
more, the How impingement elements must not unduly 
increase the fuel ?oW path length Which may result in a 
signi?cant increase in the siZe and Weight of the FSU system. 

Accordingly, it is desirable to provide for the deoxygen 
ation of hydrocarbon fuel in a siZe and Weight ef?cient system 
that increases deoxygenation While minimiZing fuel ?oW 
pressure drop. 

SUMMARY OF THE INVENTION 

A fuel system for an energy conversion device according to 
the present invention includes a deoxygenator system With a 
multitude of How impingement elements Which are inter 
leaved to provide a fuel channel de?ned by a pair of How 
plates With an intricate tWo-dimensional ?oW characteristic. 
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2 
The How impingement elements enhance contact betWeen 
fuel How and an oxygen permeable membrane to increase 
mass transport of dissolved oxygen. The How impingement 
elements break up the boundary layer of the fuel How to 
enhance the transport of oxygen from the core of the fuel How 
to the oxygen permeable membrane surface. The rapid mix 
ing of the relatively rich oxygen core of the fuel With the 
relatively oxygen-poor ?oW near the oxygen permeable 
membrane enhances the overall removal rate of oxygen from 
the fuel. Because this process can be accomplished in fuel 
channels of relatively larger ?oW areas While maintaining 
laminar How, the pres sure drop sustained thereby is relatively 
loW. 
The present invention therefore provides for the deoxygen 

ation of hydrocarbon fuel in a siZe and Weight ef?cient system 
that increases deoxygenation While minimizing fuel ?oW 
pressure drop. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of this invention Will 
become apparent to those skilled in the art from the folloWing 
detailed description of the currently preferred embodiment. 
The draWings that accompany the detailed description can be 
brie?y described as folloWs: 

FIG. 1 is a general schematic block diagram of an energy 
conversion device (ECD) and an associated fuel system 
employing a fuel deoxygenator in accordance With the 
present invention; 

FIG. 2A is an expanded perspective vieW of a deoxygen 
ator system; 

FIG. 2B is an exploded vieW of a deoxygenator system; 
FIG. 2C is an expanded perspective vieW of a How plate 

assembly of the deoxygenator system of FIG. 2B; 
FIG. 3 is an expanded sectional vieW of a How plate assem 

bly illustrating a fuel channel and an oxygen-receiving 
vacuum or sWeep gas channel; 

FIG. 4 is an expanded sectional vieW of a How plate assem 
bly illustrating a fuel channel and streamlines generated by 
How impingement elements of the present invention; 

FIG. 5A is an expanded sectional vieW of a single ?oW 
impingement element of the present invention; 

FIG. 5B is an expanded sectional vieW of a fuel channel and 
the How impingement elements therein; 

FIG. 6A is an expanded sectional vieW of a fuel channel 
and another type of How impingement elements therein; 

FIG. 6B is an expanded sectional vieW of a fuel channel and 
another type of How impingement elements therein; 

FIG. 6C is an expanded sectional vieW of a fuel channel and 
another type of How impingement elements therein; and 

FIG. 7 is an expanded sectional vieW of a fuel channel 
having the How impingement elements displaced from an 
oxygen permeable membrane by a gap. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

FIG. 1 illustrates a general schematic vieW of a fuel system 
10 for an energy conversion device (ECD) 12. A deoxygen 
ator system 14 receives liquid fuel F from a reservoir 16 such 
as a fuel tank. The fuel F is typically a liquid hydrocarbon 
such as jet fuel. The ECD 12 may exist in a variety of forms in 
Which the liquid hydrocarbon, at some point prior to eventual 
use as a lubricant, or for processing, for combustion, or for 
some form of energy release, acquires suf?cient heat to sup 
port autoxidation reactions and coking if dissolved oxygen is 
present to any signi?cant extent in the liquid hydrocarbon. 
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One form of the ECD 12 is a gas turbine engine, and 
particularly such engines in aircraft. Typically, the fuel also 
serves as a coolant for one or more sub-systems in the aircraft 

and becomes heated as it is delivered to fuel injectors imme 
diately prior to combustion. 
A heat exchange section 18 represents a system through 

Which the fuel passes in a heat exchange relationship. It 
should be understood that the heat exchange section 18 may 
be directly associated With the ECD 12 and/or distributed 
elseWhere in the larger system 10. The heat exchange system 
18 may alternatively or additionally include a multiple of heat 
exchanges distributed throughout the system. 
As generally understood, fuel F stored in the reservoir 16 

normally contains dissolved oxygen, possibly at a saturation 
level of 70 ppm. A fuel pump 20 draWs the fuel F from the 
reservoir 16. The fuel pump 20 communicates With the res 
ervoir 16 via a fuel reservoir conduit 22 and a valve 24 to a 
fuel inlet 26 of the deoxygenator system 14. The pressure 
applied by the fuel pump 20 assists in circulating the fuel F 
through the deoxygenator system 14 and other portions of the 
fuel system 10. As the fuel F passes through the deoxygenator 
system 14, oxygen is selectively removed into a vacuum or 
sWeep-gas system 28. The sWeep gas may be any gas that is 
essentially free of oxygen. 

The deoxygenated fuel Fd ?oWs from a fuel outlet 30 of the 
deoxygenation system 14 via a deoxygenated fuel conduit 32, 
to the heat exchange system 18 and to the ECD 12 such as the 
fuel injectors of a gas turbine engine. A portion of the deoxy 
genated fuel may be recirculated, as represented by recircu 
lation conduit 33 to either the deoxygenation system 14 and/ 
or the reservoir 16. It should be understood that although a 
particular component arrangement is disclosed in the illus 
trated embodiment, other arrangements Will bene?t from the 
instant invention. 

Referring to FIG. 2A, the deoxygenator system 14 prefer 
ably includes a multiplicity of gas/fuel ?oW-channel assem 
blies 34 (FIG. 2B). The assemblies 34 include a oxygen 
permeable membrane 36 betWeen a fuel channel 38 and an 
oxygen receiving vacuum or sWeep-gas channel 40 Which can 
be formed by a supporting mesh Which permits the How of 
nitrogen and/or another oxygen-free gas (FIG. 3). It should be 
understood that the channels may be of various shapes and 
arrangements to provide an oxygen partial pressure differen 
tial, Which maintains an oxygen concentration differential 
across the membrane to deoxygenate the fuel. 

The oxygen permeable membrane 36 alloWs dissolved 
oxygen (and other gases) to diffuse through angstrom-siZe 
voids but excludes the larger fuel molecules. Alternatively, or 
in conjunction With the voids, the permeable membrane 36 
utiliZes a solution-diffusion mechanism to dissolve and dif 
fuse oxygen (and/ or other gases) through the membrane 
While excluding the fuel. The family of Te?on AF Which is an 
amorphous copolymer of per?uoro-2,2-dimethyl-l ,3-diox 
ole (PDD) often identi?ed under the trademark “Te?on AF” 
registered to E. l. DuPont de Nemours of Wilmington, Del., 
USA, and the family of Hy?on AD Which is a copolymer of 
2,2,4-tri?uoro-5-tri?uoromethoxy-1,3-dioxole (TDD) regis 
tered to Solvay Solexis, Milan, Italy have proven to provide 
effective results for fuel deoxygenation. 

Fuel ?oWing through the fuel channel 38 is in contact With 
the oxygen permeable membrane 36. Vacuum creates an oxy 
gen partial pressure differential betWeen the inner Walls of the 
fuel channel 38 and the oxygen permeable membrane 36 
Which causes diffusion of oxygen dissolved Within the fuel to 
migrate through the porous support 42 Which supports the 
membrane 36 and out of the deoxygenator system 14 through 
the oxygen receiving channel 40 separate from the fuel chan 
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4 
nel 38. For further understanding of other aspects of one 
membrane based fuel deoxygenator system and associated 
components thereof, attention is directed to Us. Pat. No. 
6,315,815 entitled MEMBRANE BASED FUEL DEOXY 
GENATOR and Us. Pat. No. 6,709,492 entitled PLANAR 
MEMBRANE DEOXYGENATOR Which are assigned to the 
assignee of the instant invention and Which are hereby incor 
porated herein in their entirety. 

Referring to FIG. 2B, one set of plates, Which forms one 
?oW-channel assembly 34 of the deoxygenator system 14, 
includes a How plate assembly 44 sandWiched adjacent to the 
oxygen permeable membranes 36 Which are supported by a 
porous support 42 such as non-Woven polyester sheet (also 
illustrated in FIG. 3). It should be understood that the porous 
substrate, although schematically illustrated, may take vari 
ous forms. Adjacent one or more assembly 34 is a separator 
plate 48. The separator plate 48 prevents fuel from leaking 
across the prede?ned fuel passages de?ned by the How plate 
assemblies 34. The deoxygenation system 14, irrespective of 
the number of ?oW-channel assemblies 34, is sealed by an 
interface plate 46 and an outer housing plate 50a, 50b, Which 
respectively include the fuel inlet 26, the vacuum port 29, and 
the fuel outlet 30 (also illustrated in FIG. 2A). 

The outer housing plates 50a, 50b are preferably attached 
together through a multitude of fasteners such as bolts or the 
like such that the ?oW-channel assemblies 34 are sandWiched 
therebetWeen. The outer housing plates 50a, 50b are prefer 
ably relatively rigid components Which compress the How 
channel assemblies 34 such that sealing betWeen plates is 
maintained thereby. Although illustrated as rectilinear in the 
illustrated embodiment, one of ordinary skill in the art Will 
recogniZe that alternative shapes, siZes, or con?gurations 
including non-rigid housings are suitable and Within the 
scope of the invention. 
Each ?oW plate assembly 44 de?nes a portion of the fuel 

channel 38 betWeen the inlet 26 and outlet 30. The vacuum 
port 29 (FIG. 2A) is in communication With the interface plate 
46 and the porous support 42 through vacuum ports 29 in the 
How plates 52, 54. Vacuum creates a partial pressure gradient 
Within each of the porous supports 42 to extract dissolved 
oxygen from the fuel channel 38 through the oxygen perme 
able membrane 36. The oxygen is then expelled through the 
vacuum port 29. 

The speci?c quantity of ?oW-channel assemblies 34 are 
determined by application-speci?c requirements, such as fuel 
type, fuel temperature, and mass ?oW demand from the 
engine. Further, different fuels containing differing amounts 
of dissolved oxygen may require differing amounts of deoxy 
genation to remove a desired amount of dissolved oxygen. 

Each ?oW plate assembly 44 de?nes one fuel channel 38 
(FIG. 3) betWeen the inlet 26 and outlet 30 (FIG. 2A). Pref 
erably a multitude of parallel ?oW channels 38 are de?ned 
betWeen the inlet 26 and outlet 30 by a multitude of the 
?oW-channel assemblies 34 Within the deoxygenator system 
14. The con?guration of each fuel channel 38 is preferably 
de?ned to maximiZe fuel exposure to the oxygen permeable 
membrane 36 in order to maximiZe the amount of dissolved 
oxygen removed from the fuel. The fuel channels 38 are 
preferably small enough that fuel is in contact With the oxy 
gen permeable membrane 36 but also large enough so as to 
not restrict fuel ?oW. 

Each ?oW plate assembly 44 includes a ?rst ?oW plate 52, 
a second ?oW plate 54, and a How plate gasket or seal 56 
therebetWeen. It should be understood that the How plate 
assembly 44 disclosed in the illustrative embodiment illus 
trates only tWo ?oW plates and a gasket for the sake of clarity, 
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it should be understood that any number of plate assemblies 
may be located betWeen the outer housing plates 50a, 50b. 

The ?rst ?oW plate 52 and the second ?oW plate 54 are 
preferably manufactured of a non-metallic material such as a 
thermoplastic, for instance polyphenylene sul?de (PPS). It 
should be understood that other plastics that are compatible 
With fuel and are electrically conductive (to prevent static 
charge buildup) may alternatively be utiliZed as Well as mate 
rials Which are machined rather than molded. 

The ?rst ?oW plate 52 and the second ?oW plate 54 include 
How impingement elements 55 (FIGS. 2C and 3) Which 
increase oxygen transport. When the How plates 52, 54 are 
assembled together, the How impingement elements 55 are 
interleaved and alternate to provide the fuel channel 38 
de?ned by the How plates 52, 54 With an intricate tWo-dimen 
sional ?oW characteristic (FIG. 4). In other Words, the How 
impingement elements 55 on each ?oW plate 52, 54 extend 
above the planar surface of their respective ?oW plates 52, 54. 
When the How plates 52, 54 are assembled together With the 
gasket 56 to form the How plate assembly 44, the How 
impingement elements 55 form a complete fuel channel 38 in 
Which the How impingement elements 55 from adjacent ?oW 
plates 52, 54 extend (FIG. 3). 

The How impingement elements 55 enhance transport of 
oxygen from the bulk How to the membrane surface, While the 
non-metallic material minimiZes Weight and sharp edges 
Which may otherWise damage the oxygen permeable mem 
branes 36. The How impingement elements 55 of the deoxy 
genator system 14 enhance contact betWeen fuel How and the 
composite oxygen permeable membrane 36 to increase mass 
transport of dissolved oxygen. 

Fuel ?owing through the fuel channel 38 is in contact With 
the composite oxygen permeable membrane 36. Vacuum cre 
ates an oxygen partial pressure differential betWeen the inner 
Walls of the fuel channel 38 and the composite oxygen per 
meable membrane 36 Which causes diffusion of oxygen dis 
solved Within the fuel to migrate through the porous support 
42 Which supports the membrane 36 and out of the deoxy 
genator system 14 through the oxygen receiving channel 40 
separate from the fuel channel 38. For further understanding 
of other aspects of one membrane based fuel deoxygenator 
system and associated components thereof, attention is 
directed to US. Pat. No. 6,315,815 entitled MEMBRANE 
BASED FUEL DEOXYGENATOR; US. Pat. No. 6,939,392 
entitled SYSTEM AND METHOD FOR THERMAL MAN 
AGEMENT and US. Pat. No. 6,709,492 entitled PLANAR 
MEMBRANE DEOXYGENATOR Which are as signed to the 
assignee of the instant invention and Which are hereby incor 
porated herein in their entirety. 

The How impingement elements 55 enhance deoxygen 
ation by directly impinging the fuel ?oW onto the oxygen 
permeable membrane 36 generally in a direction normal to 
the surface thereof (FIG. 4). The How impingement elements 
55 of the deoxygenator system 14 enhance contact betWeen 
fuel How and the oxygen permeable membrane 36 to increase 
mass transport of dissolved oxygen. The rapid mixing of the 
relatively rich oxygen core of the fuel With the relatively 
oxygen-poor ?oW near the oxygen permeable membrane 36 
enhances the overall removal rate of oxygen from the fuel 
?oW. Because this process can be accomplished in fuel chan 
nels of relatively larger ?oW areas While maintaining laminar 
How the pressure drop sustained is relatively loW. 

Referring to FIG. 5A, each of the How impingement ele 
ments 55 de?ne a base segment 60 adjacent the oxygen per 
meable membrane 36 and a tip segment 58 opposite thereto. 
The base segment 60 preferably de?nes a base thickness 
betWeen a base Wall surface 58W perpendicular to the mem 
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6 
brane surface and back Wall 55W Which is greater than a tip 
thickness de?ned by the tip segment 58 betWeen a tip Wall 
surface 60W perpendicular to the membrane surface and the 
back Wall 55W such that a leading faceithat Which faces into 
the fuel ?OWiOf each ?oW impingement element 55 de?nes 
a step shape. That is, the doWnstream side of the How 
impingement elements 55 is relatively straight such that the 
How is turned abruptly in the direction normal to the mem 
brane surface. This step shape of the How impingement ele 
ments 55, located nearest to the membrane-covered surfaces, 
are generally a result of an injection molding formation pro 
cess. Generally, in order to mold the How impingement ele 
ments 55 yet maintain the ability to remove the How plates 52, 
54 from the mold, it is necessary for the ribs to have the 
relatively thicker section at the base (the region nearest to the 
membrane) and to taper thereafter. Generally, thicker ribs 
reduce performance (oxygen removal rate) and the base seg 
ments or “feet”, reduce oxygen removal performance but 
have the bene?t of also reducing pressure drop. Generally, the 
shape of the How impingement elements 55 is determined by 
fabrication requirements to a large extent but the thickness 
aWay from the base is determined by performance require 
ments. Everything else being equal, straight ribs Without 
“feet” are preferred. 

It should be understood that alternative shapes such as 
straight linear shapes (FIG. 6A), linear step shapes (FIG. 6B), 
step-up step-doWn triangular shapes (FIG. 6C) may also be 
utiliZed With the present invention. It should be generally 
understood that relatively thick ?oW impingement elements 
are poorer performers in terms of oxygen removal (more 
membrane surface is covered) and higher pressure loss (the 
flow is “squeezed” betWeen narrower gaps. 
Most preferably, the upstream side of the How impinge 

ment elements 55 betWeen the base segment 60 and the tip 
segment 58 is radiused to facilitate manufacturing by injec 
tion molding (FIG. 4). The base thickness is preferably 
approximately 0.027 inches and the tip thickness is preferably 
approximately 0.015 inches for a fuel channel height of 
approximately 0.068 inches (FIG. 5B). 
The overall height of the How impingement element 55 is 

preferably greater than 0.5H Where H is the height of the fuel 
channel. Most preferably, the How impingement elements 55 
are each of approximately 0.75H such that each ?oW 
impingement element 55 de?nes a relatively small nominal 
channel opening betWeen the distal end of the tip segment 58 
and the oxygen permeable membrane 36. 

In a preferred embodiment, each ?oW impingement ele 
ment 55 is separated from the next ?oW impingement element 
55 by a spacing of approximately 0.125 inches. Notably, as 
the How impingement element 55 extends deeply into the fuel 
channel 38, the How impingement elements 55 alternate such 
that the How impingement elements 55 from the ?rst ?oW 
plate 52 are interleaved With the How impingement elements 
55 from the second adjacent ?oW plate 54 (FIG. 5B). 
The How impingement elements 55 are preferably located 

directly adjacent the oxygen permeable membrane 36. That 
is, no gap exists betWeen the base segment 60 and the mem 
brane 36. Various gap spacing and fuel streamlines therefore 
are illustrated in FIG. 7. In general, as the gap siZe increases, 
the How recirculation Zones that existed in the case With no 
gaps diminish in siZe or are eliminated. The How proceeds in 
essentially an uninterrupted fashion along the oxygen perme 
able membrane 36 for the cases With relatively large gaps. A 
periodic interruption of the boundary layers adjacent the oxy 
gen permeable membrane 36 is important in order to increase 
mass transfer rates; relatively close spacing contact betWeen 
the How impingement elements 55 and oxygen permeable 
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membrane 36 is preferred. Applicant has determined, hoW 
ever, that a gap smaller than 0.003 inches is acceptable. Fur 
thermore, the base segment 60 preferably includes a radius to 
minimize the potential for damage to the relatively delicate 
oxygen permeable membrane 36 When assembled into the 
?oW plate assembly 44. 

The ?oW impingement elements 55 disclosed herein are 
preferably utiliZed for a deoxygenator system 14 having a fuel 
?oW rate of approximately 209 pph at a fuel velocity of 0.36 
ft/ s per fuel channel 38. It should be understood that although 
the design ?oW rate is 1250 pounds of fuel per hour, the 
concept is of general application. Using this measure, a more 
e?iciently performing FSU requires a smaller volume to pro 
cess the same amount of fuel. A smaller volume FSU Will 
thereby Weigh less as Well. 

The foregoing description is exemplary rather than de?ned 
by the limitations Within. Many modi?cations and variations 
of the present invention are possible in light of the above 
teachings. The preferred embodiments of this invention have 
been disclosed, hoWever, one of ordinary skill in the art Would 
recogniZe that certain modi?cations Would come Within the 
scope of this invention. It is, therefore, to be understood that 
Within the scope of the appended claims, the invention may be 
practiced otherWise than as speci?cally described. For that 
reason the folloWing claims should be studied to determine 
the true scope and content of this invention. 

What is claimed is: 
1. A liquid degassing system comprising: 
a gas receiving channel; 
a ?uid channel; 
a gas permeable membrane in communication With said 

?uid channel and said gas receiving channel; and a mul 
titude of ?oW impingement elements Which extend into 
said ?uid channel, each of said multitude of ?oW 
impingement elements include a stepped surface Which 
faces into a ?uid ?oW direction Within said ?uid channel, 
said stepped surface includes a radiused surface Which 
blends a base segment having a ?rst thickness adjacent 
said gas permeable membrane With a tip segment of a 
second thickness, said second thickness less than said 
?rst thickness, said base segment having a base Wall 
surface perpendicular to said gas permeable membrane 
and said top segment having a tip Wall surface perpen 
dicular to said as permeable membrane. 

2. The system as recited in claim 1, Wherein said base 
segment is in contact With said gas permeable membrane. 

3. The system as recited in claim 1, Wherein said multitude 
of ?oW impingement elements each extend for a height 
greater than 0.5 H Where H is a height of said ?uid channel. 

4. The system as recited in claim 1, Wherein said multitude 
of ?oW impingement elements each extend for a height 
greater than 0.65 H Where H is a height of said ?uid channel. 

5. The system as recited in claim 1, Wherein each of said 
multitude of ?oW impingement elements de?ne a generally 
stair step shape in cross-section. 

6. The system as recited in claim 1, Wherein said multitude 
of ?oW impingement elements includes a ?rst multitude of 
?oW impingement elements Which extend from a ?rst ?oW 
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8 
plate and a second multitude of ?oW impingement elements 
Which extend from a second ?oW plate, said ?rst ?oW plate 
mounted adjacent said second ?oW plate to de?ne said fuel 
channel. 

7. A fuel system comprising: 
a ?rst ?oW plate Which de?nes a ?rst multitude of ?oW 

impingement elements; and 
a second ?oW plate Which de?nes a second multitude of 
?oW impingement elements, said ?rst ?oW plate 
mounted adjacent said ?rst ?oW plate to de?ne a fuel 
channel, each of said ?rst multitude of ?oW impinge 
ment elements and each of said second multitude of ?oW 
impingement elements extend for a height greater than 
0.5 H Where H is a height of said fuel channel, each of 
said multitude of ?oW impingement elements include a 
stepped surface Which faces into a ?uid ?oW direction 
Within said ?uid channel, said stepped surface includes a 
radiused surface Which blends a base segment having a 
?rst thickness adjacent said gas permeable membrane 
With a tip segment of a second thickness, said second 
thickness less than said ?rst thickness, said base segment 
having a base Wall surface perpendicular to said gas 
permeable membrane and said top segment having a tip 
Wall surface perpendicular to said gas permeable mem 
brane. 

8. The fuel system as recited in claim 7, further comprising 
a ?rst oxygen permeable membrane mounted adjacent said 
?rst ?oW plate to de?ne a ?rst oxygen receiving channel 
opposite said fuel channel. 

9. The fuel system as recited in claim 8, Wherein said ?rst 
multitude of ?oW impingement elements are in contact With 
said ?rst oxygen permeable membrane. 

10. The fuel system as recited in claim 8, further compris 
ing a second oxygen permeable membrane mounted adjacent 
said second ?oW plate to de?ne a second oxygen receiving 
channel opposite said fuel channel. 

11. The fuel system as recited in claim 10, Wherein said 
second multitude of ?oW impingement elements are in con 
tact With said second oxygen permeable membrane. 

12. The fuel system as recited in claim 10, Wherein each of 
said ?rst multitude of ?oW impingement elements and said 
second multitude of ?oW impingement elements direct a fuel 
?oW toWard said respective ?rst oxygen permeable mem 
brane and said second oxygen permeable membrane to pro 
vide a serpentine ?oW path. 

13. The fuel system as recited in claim 12, Wherein each of 
said ?rst multitude of ?oW impingement elements are 
arranged in an interleaved arrangement With each of said 
second multitude of ?oW impingement elements. 

14. The fuel system as recited in claim 7, Wherein said ?rst 
multitude of ?oW impingement elements are arranged on a 
?rst side of said fuel channel and said second multitude of 
?oW impingement elements are arranged on a second side of 
said fuel channel opposite said ?rst side, said ?rst multitude 
of ?oW impingement elements and said second multitude of 
?oW impingement elements arranged transverse to a fuel ?oW 
direction. 


